Thanks to stator flux based observer running at middle and high speed and various high frequency injection (HFI) methods operating in zero and low speed region, position sensorless field oriented vector control system of permanent-magnet synchronous machine (PMSM) has attracted much attention. Nowadays, Most of HFI methods adopt sinusoidal type voltage at high frequency as injection signal, its frequency being one-tenth of PWM switching frequency or so. Restricted by low pass filters (LPFs) and/or band pass filters (BPFs) used, the control system is implemented with narrow current loop bandwidth and high-frequency audible noise. In order to solve these problems, this paper proposes a new HFI method based on square wave, with its injection frequency equivalent to PWM switching one. Also LPFs and BPFs are replaced with a new demodulation method and then rotor position and velocity can be estimated with rotor position observer. To validate the proposed scheme, a prototype is designed with DSP-TMS320F28335. Whole control system has been designed including initial rotor position determination, magnetic polarity judgment and rotor position and speed estimation by the proposed HFI scheme in low-speed region. Experiments show that the proposed schemes are of good dynamic performance and no additional audible noise is added, its bandwidth of current loop being 500Hz, which approach to that of vector control system of PMSM with encoder.
Introduction
Information of rotor position plays very important part in high-performance servo drive system of PMSM. It can be measured directly from encoder or resolver, or obtained indirectly from estimation methods by means of voltages and currents measured from endpoints of PMSM. Among these sensorless methods, various observer based strategies and high frequency injection (HFI) based methods attract more attention during last two decades, particular the later [1] [2] [3] [4] [5] [6] . In principle, observer strategies for rotor position estimation is based on the magnitude of electro-magnetic-force (EMF) at stator, therefore these strategies are only adaptable at high and middle speed. Various HFI methods provide a good means to obtain rotor position and speed at low or even zero speed. They employ constructional asymmetry of rotor, or magnetic asymmetry stimulated by high frequency injection signals to get information of rotor position and speed. So far, according to waveform of which high frequency is injected, these methods can be divided into two types: one is sinusoidal HFI method, the other being square wave HFI one. Usually, the sinusoidal HFI method is more often utilized than later. For sinusoidal HFI method, the signal frequency of which is about onetenth of PWM switching frequency. Restricted by low pass filters (LPFs) and/or band pass filters (BPFs) used, the control system is only implemented with narrow current loop bandwidth and highfrequency audible noise [7] [8] [9] [10] [11] [12] .
In order to solve these problems, this paper presents a square wave based HFI scheme, the frequency of which being equal to the PWM frequency. Combined a new demodulation method with "double sampling and double updating" strategies, the LPFs and BPFs used in sinusoidal HFI method is omitted. Therefore, a high bandwidth current loop and lower audio noise scheme is obtained, the bandwidth of current loop and noise level of which remains the same as that with no HFI signal being injected. To validate the proposed scheme, a prototype is designed. The whole control system is realized including initial rotor position determination, magnetic polarity judgment and rotor position and speed estimation by the proposed HFI scheme in low-speed region.
Fundamental and High-Frequency Mathematical Model of SPMSM
PMSM can be expressed at dq synchronous coordinate reference oriented to rotor in complex vector form as: [16] s r dq s dq 
  are average and differential stator inductance at dq synchronous coordinate reference oriented to rotor, respectively. f   is rotor flux vector of magnet, * represents complex conjugation operator,
. It is worthy to note that d L is equal to q L , i.e. q d L L  for SPMSM with only fundamental component voltage (without high-frequency signal injection) applied. When an external high-frequency signal is injected into the stator, its inductance may vary due to magnetic saturation under effect of the injected current. As a result, the stator inductances become q d L L  . For this reason, the mathematical model of SPMSM is adjusted to the one which is similar to IPMSM in this paper. Substituted (2) to (1), we have
Under the consideration that the injected high-frequency signal becomes active only at low-speed or near zero speed range, compared with the injected voltage, voltages related to stator resistor and electromagnetic motive force can be neglected. Then the mathematical model at high-frequency can be written from (3) as
Signals in high-frequency square-wave scheme are usually injected into the estimated synchronous coordinate frame q dˆ , not into the real ones dq. The relationship among real dq, the estimated q dˆand  at stator coordinate reference can be shown in Fig.1 . In Fig.1 , the difference between the estimated rotor position and the real one is defined as In order to decrease the effect of injected high-frequency voltage on electromagnetic torque, the voltage is usually injected into dˆ-axis, thus the high-frequency square-wave voltage is represented as (7) , the differential value of the high-frequency currents is given as
Where update T is updated period.
If the differential value of the q-axis current could be adjusted to ensure
by means of rotor-position-tracking observer or by phase locked loop (PLL), the estimated rotor position r ˆand rotor angular speed r  can then be obtained.
Proposed Injection Scheme and Rotor Position Estimator

Proposed Injection Scheme of High-frequency Pulsated Square-wave and Demodulation Method for Fundamental and High-frequency Current Components
Inject high-frequency voltage in square waveform with its expression given from (8) into dˆ-axis.
Then the differential value of currents response at high-frequency between adjacent updated periods can be calculated by (9) . However, there may be some problems in practical application given as follows:
 Voltage deformation exists resulting from dead zone behavior during switching between upper leg and lower leg of the inverter, resulting in 6-times pulsation in the differential value of currents.
 Voltage drop due to conduction of switching devices in the inverter and variation of voltage at DC link may have influence on accuracy of the estimated rotor position to some extent.
 Harmonic component from SVPWM modulation may have effect on the differential value of high-frequency current.
The final results due to all of aforementioned factors are that there exist errors for the estimated rotor position. To cope with these problems, this paper adopts a new demodulation scheme, by which the rotor position can be estimated with two subtraction of successive value of differential value of current [12] . Different from [12] , this paper utilizes a high-frequency injection method of square waveform, with its frequency being equal to that of switching components. Also, a scheme named "double sampling and double updating" is adopted. Based on these procedures, this paper proposed a series of optimal solutions including schemes of rotor position updating at differential phases, demodulation of fundamental component of stator current, calculation of rotor position tracking observer with PLL, updating of current loop, et al. Now they are explained as follows:
When the fundamental currents and high-frequency injection voltage are incorporated and applied to the stator winding of PMSM through inverter, the waveform of total stator currents, fundamental currents and high-frequency currents during one PWM switching period are drawn, respectively, in Fig. 2 . In order to solve aforementioned problem, subtraction between two successive values of differential value of stator currents are used for the estimation of rotor position angle. Its theoretical derivation is given as follows:
The differential value of currents between (k-2) and instant (k-1) can be calculated from (9) 
The differential value of currents between (k-1) and instant k can be calculated as can be ensured and rotor position angle and angular speed can be available by means of PLL. The fundamental current used for feedback is still sampled at the volley points to eliminate high-frequency disturbance. From Fig.2 
Design of Rotor Position tracking Observer
In order to ensure 0  r  , based PLL rotor position and angular speed tracking observer is adopted, its block diagram is depicted in Fig.3 . Figure 4 . Implementation of the proposed scheme for signals processing and demodulation
High-frequency Square Waveform Voltage Injection Based Sensorless Velocity Control Strategy
The proposed sensorless velocity control system is realized based on field oriented control (FOC), as shown in Fig5.
From Fig.5 we can see the output of speed regulator is taken as desired q-axis current to obtain maximum torque per ampere (MTPA) control for PMSM. When the high-frequency pulsating square waveform voltage is injected into d-axis, it takes action added with the output of d-axis current controller as the desired d-axis voltage, whereas the output of q-axis current controller is utilized as the desired q-axis voltage. After transformation from dq to  and application of normal seven-sections SVPWM to the inverter, the three-phase currents are produced and measured by two Hall sensors. In turn, the measured three-phase currents are transformed from abc to dq reference frame and then processed. The rotor position and speed can then be estimated by the proposed scheme with rotor tracking observer. To ensure realization of whole system illustrated in Fig.5 , all parts should be calculated and updated in some sequences. Fig.6 illustrates these sequences and processes including PLL calculation, fundamental and high-frequency current computation and updating of speed-loop, et al., in the proposed scheme. 
Experimental Results
In order to validate effectiveness of the proposed scheme, a specialized designed prototype of whole control system is manufactured using DSP-TMS320F28335 and also a test platform is built, as shown in Fig.7 . A commercial AC PMSM servo motor manufactured by Tamagawa Seiki Co.,LTD is chosen as the tested machine. Its rated values, constructional parameters of the motor, parameters of controllers and tracking observer are given in Table 1 . A 750W PMSM servo machine is used as the mechanical load. An incremental encoder with 2000 ppr is installed at its shaft for comparison purpose. MOSFETs with type being IRFS4310Z are selected as switching component for the inverter. Its switching frequency is 10 kHz. Frequency of the injected high-frequency square waveform voltage is also selected at 10KHz, similar to the switching frequency, with its amplitude being 4V. The currents are sampled and the current-loop is updated at the same frequency 20KHz. Voltage across the DC bus is 48V. All the variables in the program are outputted through 12 bits DAC and their waveforms can be observed by oscilloscope. Considering that the rotor position and speed the proposed scheme are estimated from information including r  Figure 7 . Platform of sensorless control system of SPMSM It is worth noting that during the above "polarity judgment", the positive and negative pulsated voltages are injected into dˆ-axis. And the rotor should be remained standstill and the pulsated voltage should be kept active longer than the time constant of d-axis. For the sake of reliability, judgments are repeated for 3 times (see A-phase current in Fig.12 or Fig.13 ).
In order to verify the performance of current-loop and, a method similar to [10] is used. Mechanical load is applied through the PMSM mechanical load and keep the tested prototype at standstill. Under this condition, a sinusoidal voltage is taken as the desired d-axis current, with its amplitude being 1A, frequency being 500Hz. Fig.8 shows the corresponding waveforms. From top to bottom in Fig.8 , the waveforms represent rotor position, the desired d-axis current, the actual one and the actual A-phase current. Fig.9 is its counterpart of Fig.8 for q-axis. From Fig.8 and Fig.9 we can see that the bandwidth of current-loop, whether it is for d-axis or for q-axis, is larger than 500Hz. Fig.10 is the same as Fig.8. Fig.11 shows waveforms under load condition, with the desired speed being + 100 rpm and -100rpm, respectively. And they are switched from each other. The definition of waveforms from top to bottom in Fig.11 is the real rotor position from encoder, the estimated rotor position from tracking observer and A-phase current. Fig.12 is the waveforms when a desired step speed ( -110rpm) is applied with load condition. The definition of waveforms from top to bottom in Fig.12 is real rotor position from encoder, the estimated rotor position from tracking observer, the estimated error of rotor position and A-phase current, in which 3 times variations of A-phase current for polarity judgment during starting process.
Since the proposed scheme of sensorless vector control only runs properly at zero and low-speed region, once the speed is over certain value, other strategies such as EMF based sensorless scheme, e.g., flux observer, should be changed over [3] [5] [6] . Experimental results of combination between the proposed scheme and stator-flux based observer are shown in Fig.13 . The definition from top to bottom in Fig.13 is the real rotor position from encoder, the estimated rotor position from the proposed scheme, the rotor position from stator-flux based observer and A-phase current. When the rotor runs from zero speed to 200rpm, the proposed high-frequency injection scheme is adopted. While the rotor just runs between 200rpm and 400rpm, both the proposed and the stator-flux based observer act simultaneously. And effect of the proposed scheme becomes weaker, while that of the stator-flux based scheme becomes more and more important. Once the speed is over 400rpm, the proposed scheme stops and the stator-flux based observer works totally. From Fig.13 we can see that the proposed scheme can works well in wide speed ranges. Figure 13 . Waveforms of transition from high-frequency carrier injection to flux observer with load torque(n*=1500rpm, Tl = 0.3Nm)
Conclusions
This paper, based on a high-frequency square waveform injection method, presents a new scheme for realizing sensorless speed vector control system of SPMSM. Besides its capability for running stably at low-speed and switching between clockwise and counterclockwise, the proposed scheme also has following advantages:  No additional noise exists from the high-frequency voltage injection, different from the high-frequency injection method at present.
 Bandwidth of the current-loop is not degraded due to application of modulation and demodulation. Thus, dynamic performance of original control system remains the same as that with encoder.
 Influence from dead-zone of inverter is eliminated. Therefore, the estimated accuracy for rotor position is ensured.
